The amplitude of the capillary pulse is markedly dependent on resistance to blood flow through precapillary vessels. 1 Recent studies by Lee and DuBois indicate that blood flow through the pulmonary capillaries * is normally pulsatile. 2 This result points to the possibility that reactions of pulmonary arterial vessels may be studied by their effects on the amplitude of the pulmonary capillary pulse. We have adapted, therefore, the plethysmographic-nitrous oxide technique of Lee and DuBois to a detailed experimental analysis of factors affecting the amplitude of the pulmonary capillary pulse in dogs. The results indicate that the purely mechanical effects on pulse amplitude of changes in heart rate or pulmonary arterial pressure can be distinguished from the effects of active changes in caliber of the pulmonary vessels. Evidence will also be presented that the principal site of pulmonary vasoconstriction induced by hypoxia involves the precapillary vessels.
• The amplitude of the capillary pulse is markedly dependent on resistance to blood flow through precapillary vessels. 1 Recent studies by Lee and DuBois indicate that blood flow through the pulmonary capillaries * is normally pulsatile. 2 This result points to the possibility that reactions of pulmonary arterial vessels may be studied by their effects on the amplitude of the pulmonary capillary pulse. We have adapted, therefore, the plethysmographic-nitrous oxide technique of Lee and DuBois to a detailed experimental analysis of factors affecting the amplitude of the pulmonary capillary pulse in dogs. The results indicate that the purely mechanical effects on pulse amplitude of changes in heart rate or pulmonary arterial pressure can be distinguished from the effects of active changes in caliber of the pulmonary vessels. Evidence will also be presented that the principal site of pulmonary vasoconstriction induced by hypoxia involves the precapillary vessels.
Methods
Five experiments were performed to determine 146 if the uptake of nitrous oxide in the intact dog could be attributed to the pulmonary blood flow. These preliminary experiments involved: 1) exteriorization of the left bronchus for the administration and collection of respiratory gases from each lung separately; 2) placement of a doublelumen, balloon-tipped catheter in one pulmonary artery so that blood flow through the test lung could be interrupted, and blood pressure distal to the balloon could be measured; 3) introduction of cardiac and bronchial catheters so that intrapulmonary pressure pulses could be related to cardiodynamic events; and 4) pneumographic monitoring of changes in thoracic circumference. The experimental arrangement is illustrated on the left side of figure 1. For the measurement of intrapulmonary pressures, the endobronchial catheters were clamped as shown, and the pressure oscillations on the pulmonary side of the clamp to the test lung were recorded using a Statham strain gauge (PM 5 ± .2-350) as a transducer. The successive steps in the experiment can be visualized from the records shown on the right side of figure 1 . After ventilating the test lung with a mixture of 80% nitrous oxide in oxygen for 15 seconds while the contralateral lung was ventilated with ambient air, the endobronchial catheters were clamped at (A), and the subsequent decrease in intrapulmonary pressure was recorded. Upon interrupting the blood flow through the test lung at (B), the slope of N.^O uptake quickly fell to zero (C), and remained there until the clamps were released at (D). Between (C) and (D), approximately 10 seconds of the record has been excised; during this period the plateau remained constant. The abrupt cessation of N.,0 uptake when blood flow through the test lung was arrested provides evidence that the lung tissues equilibrate rapidly with the inspired nitrous oxide-oxygen mixture and that the decrease in intrapulmonary pressure in the lung containing the nitrous oxide-oxygen mixture is attributable to pulmonary blood flow. 2 -4 
MEASUREMENT OF PULMONARY CAPILLARY FLOW
Seventeen mongrel dogs, weighing 9 to 17 kg, were given morphine sulfate (2 mgAg) and anesthetized with either chloralose ( Plethysmograph for simultaneous measurement of pulmonary capillary blood flow and intracardiac pressures in the dog. Length of the plethysmograph is 36 inches.
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RESPIRATOR
FIGURE 3
Lid of plethysmograph. A, arrangement of airtight connectors for two-way valve, cardiac catheters, endotracheal gas sampling tithe, and vent valve. B, twoway valve connecting airway to the respirator. C, valve connecting airway with interior of plethysmograph.
line was administered intravenously, as necessary, to prevent spontaneous respiratory movements. Pulmonary capillary blood flow was measured by a modification of the IV 2 O-pIethysmographic technique. 2 The plethysmograph consisted of a lucite cylinder 10 inches in diameter and 36 inches in length; the walls were one-half inch thick The recording system, consisting of the plethysmograph, connecting tubing, and pressure gauge, had a natural frequency of 13 cycles/sec and reached 90* of full deflection in 0.03 second. The rate of change in plethysmographic pressure was measured by a differentiating circuit with a time constant of 0.008 second. 6 A continuous record of the changing concentration of N 2 O during each breath was obtained by drawing gas at a constant rate of 200 ml/min from the endotracheal tube through an infrared nitrous oxide analyzer (Spinco, model LB-1). The N 2 O analyzer had an accuracy of 1% of full scale and a time response of 0.1 second to achieve 90% of full deflection. Before placing the animal in the plethysmograph, cardiac catheters for the measurement of blood pressure were introduced under fluoroscopic control into the pulmonary artery and either into the pulmonary arterial wedge position or the left ventricle position. Records of blood pressure were made using Statham P23Db strain gauges. In dogs with a wedged catheter, the difference between pulmonary arterial pressure and pulmonary arterial wedge pressure at each instant was determined by electrical subtraction. Cardiac output was determined by dye dilution using indocyanine green. Dye was injected into the pulmonary artery and femoral arterial blood was drawn through a densitometer (Gilford) at a constant rate for inscription of the dye dilution curve. 6 ' 7 All recordings were made on a multichannel recorder (Electronics for Medicine) at a paper speed of 50 mm/sec. Before removing the animal from the plethysmograph 4 ml of air were injected into the plethysmograph; the resulting pressure deflection gave the pressure-volume calibration factor for each experiment.
Two periods were required for each determination of pulmonary capillary blood flow: during the first of these, the dog was ventilated with a gas mixture containing 80$ N L ,O and 20% O 2 ; during the second period, the inspired gas was ambient air. The first period began with the sampling of arterial blood for determination of its gaseous composition 8 and pH. Immediately thereafter, ventilation with the A 7 oO-Oo mixture was begun and continued for 15 seconds. Events during the last 4 to 5 seconds of ventilation with the N 2 O-O 2 mixture are indicated in figure  4 in which the final changes in plethysmographic pressure, the end-tidal concentrations of nitrous oxide and pulmonary arterial pressure are shown. Mixed venous blood was sampled for determination of N 2 O content 9 at (A) in figure 4. The cardiac catheter was then connected to the strain gauge to record pulmonary arterial pressure (PA). After the last breath (dip in the plethysmographic record between A and B) and the recording of the end-tidal content of nitrous oxide ( F^Q ) , the apneic period was begun by turning the twoway valve to the position shown in figure 3C , so that the tracheobronchial tree of the dog was in direct communication with the interior of the plethysmograph. At (C) the plethysmograph was sealed by closing the vent valve shown in figure  3A . For the next 5 to 10 seconds the uptake of the test gas was recorded as a scalloped decline in plethysmograph pressure. Finally, the plethysmograph was vented to atmosphere at (D) and the entire period was terminated by turning the valve to the position shown in figure 3B which reconnected the bronchial tree to air.
The second period required for measurement of pulmonary capillary blood flow began with resumption of ambient air ventilation. After 10 to 15 minutes of ambient air ventilation, when N 2 O could no longer be detected in the expired gas, the apneic phase of the second period was begun.
CALCULATION OF THE INSTANTANEOUS PULMONARY CAPILLARY FLOW
The consecutive changes in pulmonary capillary blood flow during the cardiac cycle were determined either by graphic or by electrical differentiation.
The graphic method depended on matching a cardiac cycle during the apneic phase of period one (NoO-O*) with one of equal length during the apneic phase of period two (ambient air) , 2 ' 10 -12 These cycles were matched by using the upstroke of the simultaneously recorded pulmonary arterial pressure as the point of reference. Plethysmographic pressures during each 0.04 second of the matched cycles were then subtracted algebraically; each difference in pressure was converted to a difference in volume of N 2 O by the plethysmographic pressure-volume calibration factor for that experiment, and then plotted against time to construct a record of the volume of N 2 O absorbed at each 0.04-second interval during the cardiac cycle. The rate of change in volume of N 2 O uptake during each 0.04-second interval (VVoo) was then converted to capillary blood flow using the Bornstein principle (see below).
The electrical method for determining pulmonary capillary flow at each instant of the cardiac cycle involved the use of electrical differentiation to determine rate of gas uptake during N 2 O-O 2 and air periods. 2 Subtraction of derivatives of the plethysmographic records obtained during the two periods provided the curve of pulmonary capillary flow. Figure 5 Record used for determination of pulmonary capillary blood flow. Plethysmograph pressure, pulmonary arterial pressure (PA) monary arterial pressure and pulmonary arterial wedge pressure (PA-P W ).
, and N t O content of alveolar gas (F A ) are shown immediately after a 15-second period of ventilation with the N t O-O t mixture and the beginning of the apneic period. At (A), a pulmonary arterial blood sample is drawn for determination of N t O content; at (B), the two-way valve is turned to connect the airway of the animal and plethysmograph; at (C), vent valve is closed and a phasic decline in plethysmograph pressure occurs as
DETERMINATION OF MEAN PULMONARY CAPILLARY FLOW (CARDIAC OUTPUT)
Since the pulsations in capillary flow were to be expressed with respect to mean pulmonary capillary flow, Bornstein's principle ]S was used to calculate the mean flow:
Where Q c = mean pulmonary capillary blood flow, liter/min iVoO -mean rate of N 2 O uptake, ml/min (BTPS) p 4 -fraction of N 2 O in alveolar (endtidal) air, per cent (BTPS) = Ostwald's solubility coefficient for N 2 O in dog blood (at 37°C, = 0.483 ml N 2 O/m\ blood). 14 The mean rate of nitrous oxide uptake (ty y 0 \ was determined by subtracting the slope of the plethysmographic pressure record during the ambient air period from that of the N 2 O-O 2 period, measured at equal times after the start of apnea and using the pressure-volume calibration of the Reproducibility and accuracy of the plethysmographic-W 2 O values for mean capillary flow were assessed in the following way: 1) comparing successive values for Q c obtained by the plethysmographic-/V 2 O technique and 2) comparing the value for (5 C difference betwen values obtained by the two methods was 0.07 liter/min and was not statistically significant ( P > 0 . 0 5 ) . In 9 of the 12 experiments ( fig. 6 ), the mean values obtained by the two techniques differed by less than 20%; the other 3 differed by 24 to 34%. There was no systematic difference between the values obtained by the pIeihysmographic-ZV 2 O technique and those by the dye dilution technique. A similar correspondence has been found in man using similar methods. 10
DRUGS AND TEST PROCEDURES
Atropine sulfate (1.2 mg, iv) was given immediately before measuring pulmonary capillary blood flow. Norepinephrine (0.8 to 1.3 fig/kg/ rnin, iv) was administered 5 to 10 minutes prior to and during measurement of pulmonary capillary blood flow. Hypoxia was induced by respiring the animal with 10 to 14% oxygen in nitrogen for 20 minutes prior to the measurements. Control CircuUaion Rtsetrcb, Vol. XV, August 1964 measurements were made before and after each experimental period. Six experiments were done with each agent in 17 dogs.
HEMODYNAMIC ANALYSIS
In order to express variations in "pulsatility" in quantitative terms, pulmonary capillary flow curves were analyzed in two ways: 1) the ratio of mean flow (mean Or) t o peak flow (peak Q c ) during a cardiac cycle, and 2) the comparison of mean flow during systole to that during diastole. For this comparison, the average blood flow during systole ((5,,,) was calculated as the product of the volume of blood reaching the capillaries during systole divided by the duration of systole; a similar calculation was made to obtain the average blood flow during diastole (0r d )' 0c, = V./t. X 60/1000 <5 Cd = VJt A X 60/1000
Where
Qcy Oa d = average systolic and diastolic pulmonary capillary blood flow, respectively, liter/min V,, V d = systolic and diastoh'c volume of pulmonary capillary blood flow, respectively, ml t v t d = duration of systole and diastole, respectively, sec 60/1000 = conversion factor, sec/min/ml/ liter For comparison of the pulmonary arterial pressure pulse (or the pulmonary artery minus pulmonary wedge pressure pulse) with the pulmonary capillary flow pulse, the upstroke of the pressure curve was shifted to the left until its onset coincided in time with that of the flow curve; this shift corrected for transmission of the pulse wave to the periphery, the lag between the responses of the cardiac catheters and the lung-plethysmcgraph system, and for any delay in the uptake of NoO by the pulmonary capillary blood. 32
Results
ATROPINE
The effects of injecting atropine intravenously are shown in table 2. In six experiments, the heart rate increased on the average from 110 to 195 beats per minute without change in mean pulmonary capillary flow (Q c ); the stroke volume decreased markedly. Associated with the tachycardia, and the decrease in stroke volume, the pulmonary arterial pulse pressure narrowed; the mean pulmonary arterial pressure, the pulmonary wedge pressure, and the pressure gradient across the lungs (PA-PV) showed slight and inconsistent changes.
Striking changes in contour of the pulmonary capillary flow pulse accompanied the tachycardia, decrease in stroke volume, and narrowing of pulmonary arterial pressure pulse. These are expressed numerically on the right side of table 2 and are illustrated for a typical experiment in figure 7 . Thus, in the control period, the percentage of the peak flow represented by the mean flow {Q c /Qc v X 100) was about 50%; after atropine, mean flow increased to approximately three-fourths of peak flow. Also after atropine, average sys- Effect of atropine on patterns of pulmonary capillary blood flow(Qj / T^T t l prewre graZnt (PA-PJ. In upper third, the pulmonary capillary blood flow (shaded) and Z^TMr^ri^^uJpressnre gradient is seen to decrease during the test period. In middle third, the average capillary blood flow (Qj during systole (s), ^Jf***® ™* less about mean (m) blood flow after atropine than during the control period. In lower thjrd decrease is shown in peak flow in relation to mean flow (Q a mean/Q c peak X 100) after atropine.
Comparison of mean pulmonary capillary blood flow by the N t O-plethysmographic (Q r N t O) and by the dye dilution technique (Q c DYE).
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Effect of Atropine on Pulmonary Capillary Blood Flow
tolic and diastolic flows varied less about the mean flow than during the control period. Since atropine has no detectable vasomotor effect on pulmonary vesels, 35 " 18 these data were interpreted as demonstrating the passive effects of changes in stroke volume and heart rate on patterns of pulmonary vascular blood pressures and pulmonary capillary flow.
NOREPINEPHRINE
Effects of infusing norepinephrine in six dogs are shown in table 3. During infusion, heart rate decreased in four animals and increased in two. Mean capillary blood flow increased by less than 10% in four dogs (no. 7, 8, 11, and 12) and by 21 and 47* in the other two. Mean systemic blood pressure increased, on the average, 35 mm Hg. Mean pulmonary arterial pressure was essentially unchanged in two dogs (no. 9 and 12) and increased 2 to 5 mm Hg in four; mean pulmonary wedge pressure remained unchanged in two dogs (no. 7 and 9) and increased 3 to 5 mm Hg in the others. Since these changes in pulmonary arterial and wedge pressures were slight, and generally in the same direction, there was no consistent change in mean pressure gradient across the lung between control and test periods. Figure 8 shows two representative experiments demonstrating appearance of pulmonary capillary flow pulse at different heart rates induced by infusion of norepinephrine: 1) a decrease in heart rate was associated with an increase in pulmonary capillary flow pulse, stroke volume, and pulmonary arterial pulse pressure; 2) an increase in heart rate was associated with a decrease in pulmonary capillary flow pulse, stroke volume, and pulmonary arterial pulse pressure. The latter observations during norepinephrine tachycardia resembled those observed after administration of atropine. Effects of hypoxia in six dogs are shown in table 4. During the hypoxic period, arterial oxygen saturation averaged 51$ and mean pulmonary arterial pressure increased by an average of 5 mm Hg. Since pulmonary arterial wedge pressure (and presumably left atrial pressure) did not change, the mean pressure gradient across the pulmonary circulation increased. In the four dogs in which the increment in pulmonary arterial pressure was 4 mm Hg or less, the contour of pulmonary capillary flow pulse did not differ from control; in two dogs (no. 15 and 17), with the largest increments in pulmonary arterial pressure during hypoxia (5 and 8 mm Hg respectively) flow pulse decreased in amplitude and assumed a rounded contour. In figure 9 the curves of pulmonary capillary flow and pressure gradient across the lungs are shown for the control and hypoxic period for dog no. 15. Decrease in peak flow and rounding of flow pulse can be seen; also illustrated is the fact that average systolic and diastolic flow during hypoxia varied less about the mean than during the control period even though pulmonary arterial pulse pressure was somewhat greater.
Discussion
The present study has shown that in the dog, as in man, 2 ' u> 12 ' 19 the pattern of blood flow through gas-exchanging vessels of the lungs is ordinarily pulsatile. In addition, through the use of atropine, norepinephrine, and hypoxic inspired mixtures, it has illustrated the extent to which the usual pulsatility may be experimentally modified. Finally, it has demonstrated the use of simultaneously recorded pulmonary vascular pressure pulses and pulmonary capillary flow pulses to identify the site of pulmonary vasoconstriction. 19 Use of pulmonary vascular pressures in conjunction with capillary flow pulse to recognize pulmonary vasomotor activity depends on exclusion of changes in capillary flow pulse caused by passive, mechanical factors. Our results show that both pulmonary capillary flow and pulmonary arterial pressure pulses are markedly altered by changes of heart rate induced by atropine or norepinephrine. In middle third, the average capillary blood flow (Qj during systole (s) and diastole (d) is shown to vary with the mean flow (m) at two heart rates. In lower third, the ratio of mean to peak flow (Qj mean/Q c peak x 100) is shown to decrease at slower heart rates (left) and to increase as the heart rate increases (right).
Atropine is generally believed to affect the pulmonary circulation by reducing stroke volume and pulmonary arterial pulse pressure, 1 "' 17 and possibly altering pulmonary blood volume, 18 without changing the tone of pulmonary vascular smooth muscle. Consistent with this view are the parallel changes in the contours of pulmonary capillary flow and pulmonary arterial pressure pulses after atropine, suggesting that neither pulmonary arterial pressure pulse nor flow pulse have undergone appreciable damping proximal to the capillary bed. In contrast to the passive effects of atropine on pulmonary circulation, acute hypoxia has been shown to elicit pulmonary vasoconstriction. 2^22 Until a few years ago, it was generally believed that postcapiUary vascular segments are primarily responsible for pressor response to acute hypoxia. 23 However, recent demonstrations that inspired gases have ready access to the lumens (and, therefore, to the muscular elements) of precapUlary vessels, 24 " 20 and that hypoxia confined to precapillary vessels elicits pulmonary vasoconstriction, 27 have suggested that precapillary vessels may be involved in the pulmonary vasoconstriction that accompanies the breathing of hypoxic inspired mixtures. Results of the present study support this view. Indeed, it is difficult to explain in any other way than by precapillary vasoconstriction, the observed increase in pulmonary arterial pressure (and widening of the pulmonary arterial-pulmonary wedge pressure difference) in conjunction with an unchanged or diminished flow pulse in the pulmonary capillaries. Moreover, since neither pulmonary arterial wedge pressure nor left atrial pressure Effect of acute hypoxia on pulmonary capillary flow (6 C ) and pulmonary vascular pressure gradient (PA-P^J curves. While breathing 10% O t , the pulmonary capillary flow pulse (shaded) decreases in amplitude and becomes blunted (upper third) even though the mean pulmonary vascular pressure gradient (PA-P W ) and pulse pressure increase. In middle third of the figure, average pulmonary capillary flow (Q c ) during systole (s) and diastole (d) are closer to the mean flow (m) during hypoxia than during the control period. In lower third, the mean (Q c mean) pulmonary capillary is seen to represent a larger fraction of peak flow (Q c peak) during hypoxia than during the control period. Pulmonary arterial (PA), left atrial (LA), pulmonary arterial wedge (P K ), and carotid arterial (CA) pressure following rapid injection of 1.8 ng/kg of norepinephrine in 5 cc of normal saline (arrow) into the jugular vein of intact dog. Pulmonary wedge pressure and left atrial pressure are strikingly similar before and after injection of norepinephrine. bols: same CO increase during the levels of hypoxia used in this study, 28 it is unreasonable to implicate either pulmonary postcapillary vessels or pulmonary veno-atrial junctions in this pressor response.
Although it is generally agreed that hypoxia elicits pulmonary vasoconstriction, 23 there is less unanimity concerning the effects of norepinephrine on pulmonary circulation. Previous studies have suggested two possible actions of norepinephrine: 1) pulmonary vasoconstriction, 29 ' 80 or 2) a passive increase in pulmonary arterial pressure from increased pulmonary venous pressure." 1 • 82 Results of the present study supported the latter conclusion by demonstrating a concomitant increase in pulmonary arterial and pulmonary arterial wedge pressure without blunting of the pulmonary capillary flow pulse. Moreover, as may be seen in figure 10 , the "back pressure" originates in the left heart rather than in the large pulmonary veins or veno-atrial junctions since the mean pulmonary wedge pressure mirrors the left atrial pressure throughout the experiment, before and after injection of norepinephrine.
Summary
A nitrous oxide-plethysmographic method was used to measure simultaneously the instantaneous pulmonary capillary blood flow and the pressure gradient across the pulmonary vascular bed. The method entailed the use of lightly anesthetized, curarized dogs for the moment-to-moment measurement of nitrous oxide uptake and the corresponding pulmonary arterial and wedge pressures. After establishing the usual patterns of pulmonary capillary blood flow, the flow patterns were modified by atropine, norepinephrine, and acute hypoxia. Before the exhibition of these agents, pulmonary capillary flow was pulsatile, with peak rates of flow of approximately twice the mean. After atropine, the amplitude of the flow pulse decreased passively as stroke volume and the pulmonary arterial pulse pressure decreased. In contrast to atropine, acute hypoxia elicited precapillary vasoconstriction as manifested by an increase in pulmonary ar-CircmUtiom Rtiurcb, Vol. XV, Amgnit 1964
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terial pressure and an unchanged pulmonary arterial wedge pressure in conjunction with an unchanged, or diminished and blunted, pulmonary capillary flow pulse. The predominant effect of norepinephrine appeared to be exerted distal to the pulmonary capillary bed since pulmonary arterial and wedge pressures increased in parallel while the capillary flow pulse changed passively according to changes in stroke volume.
